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Balancing  of  production  systems  is  one  of  the  main  lean  manufacturing  principles  as  it reduces  in-process
storage  and  related  forms  of  waste.  A  dynamic  systems  approach  is  proposed  to  investigate  challenges
of  implementing  production  leveling  and associated  costs.  A  lean cell producing  at  takt  time  is modeled
using  system  dynamics.  The  model  captures  various  lean  tools  inﬂuencing  production  leveling and  their
implications.  Comparative  cost  analysis  between  various  leveling  implementation  policies  for  stochastic
demand  with  multiple  products  is  conducted.  Results  showed  that  determining  the  most  feasible leveling
policy  is  highly  dictated  by  both  the  cost  and  limitations  of capacity  scalability.  In addition,  delivery
sequence  plans  of different  products/parts  needed  to achieve  mix  leveling  and  lot sizes  affect  the feasible
production  leveling  policy  while  implementing  lean  principles.  The  developed  model  and  insights  gained
from  the  results  can  help  lean  manufacturing  practitioners  to better  decide  when  and  how  to implement
production  leveling  as  well  as  determine  both  production  lots  sizes  and  sequence.  They  also  emphasize
the  importance  of  cost  analysis  as assisting  decision  support  tool  in  the  trade-off  required  between  the
beneﬁts  of different  levels  of  lean  policies  and  their  associated  cost.. Introduction
Global competition, uncertain demand environment and higher
onsumer expectations are among many drivers for companies
o adopt lean manufacturing principles and tools. Lean principle
an be characterized in short by “doing more with less”. This lean
hilosophy focuses on the elimination of waste and excess from
he tactical product ﬂows and represents an improvement and
ometimes an alternative model to that of capital-intensive mass
roduction with its large batch sizes, dedicated assets and hidden
astes. Lean manufacturing offers a wide set of lean mechanisms
nd tools to achieve these goals. They include, but are not limited to,
anban pulling cards, SMED (single minute exchange of dies), TPM
total productive maintenance), kaizen (continuous improvement)
nd Poke-yoke (mistake prooﬁng). Successful implementation of
hese tools and principles would result in manufacturing systems
haracterized by having high-velocity order-to-delivery and ﬂexi-
le processes which improve the overall business performance.
Efﬁcient production leveling in terms of volume and mix  to elim-
nate over-production, is among the fundamental targets of lean
anufacturing where over-production means producing more,
∗ Corresponding author.
E-mail address: deif@nileuniversity.edu.eg (A.M. Deif).sooner or faster than is required by the next process [1]. Over-
production causes additional handling, inspecting, counting and
storing costs of those not yet needed products. In addition, with
over-production, defects remain hidden in the inventory queues
until the downstream process ﬁnally uses the parts and qual-
ity issues are discovered. Heijunka is the Japanese term for load
or production leveling which is the lean manufacturing strategy
employed to eliminate over-production. Leveled production attains
capacity balance and synchronization of all production operations
over time in a manner that precisely and ﬂexibly matches customer
demand for the system’s products. Ideally, this means producing
every product in every shift in quantities equal to demand after
smoothing out high frequency random components. Manufactur-
ing processes should be operated at the takt time to achieve level
production. The takt time is the target production frequency, based
on the rate of sales, to meet customer requirements. Takt time syn-
chronizes the pace of production with the pace of sales. Producing
at takt time is achieved through means such as rapid machine set-
ups/changeover, just in time ﬂow and scalable capacity strategies.
In  the current dynamic business context, leanness assessment
has undergone, and is still undergoing, a process of continuous
and never-ending evolution [2]. The assessment of leanness impact
was usually related to performance metrics that focus on system
productivity, cycle and/or lead times and quality improvements.
Although previous metrics have direct and indirect impact on the
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iystem cost efﬁciency, more attention needs to be paid to the
ssessment of lean tools implementation and their associated costs
nd dynamic effects.
This  paper proposes a dynamic systems approach to investi-
ate the challenges of implementing production leveling, as one
f the main lean principles, and assessing its associated costs and
ynamic effects. After reviewing the related work on lean dynamic
nalysis and lean cost assessments, a dynamic model for a lean
ell is presented. The model captures various lean tools for pro-
uction leveling and their cost implications. A numerical analysis
or stochastic demand with multiple products is conducted and
nsights concerning production leveling implementation and fea-
ible implementation policies are presented.
. Literature review
Extensive  review about lean manufacturing deﬁnitions, their
evelopment and related research work can be found in [3–6].
n this section, particular focus is placed on related body of work
hich explores lean implementation dynamic modeling and anal-
sis combined with lean implementation costing approaches.
Various  research works focused on the general implementa-
ion of lean systems from dynamic perspective. Amin and Karim
7] proposed a time-based mathematical model for evaluating the
erceived value of lean strategies to manufacturing waste reduc-
ion and a step-by-step methodology for selecting appropriate
ean strategies to improve the manufacturing performance within
heir resource constraints. Cheah et al. [8] developed a hierarchal
pproach to study challenges and dynamics of implementing lean
olicies using interpretive structural method. They showed that
ome lean policies have higher risk of failure than others depend-
ng in the various system dynamics. Kodua et al. [9] investigated the
ynamics of process design in lean systems implementation using
 dynamic value stream mapping approach. They focused on how
o change organizations decisions in accordance to product real-
zation requirements using a dynamic modeling approach. Black
10] presented a group of qualitative and quantitative dynamic
ules to implement lean manufacturing. The approach focused on
ow to make current mass production industrial operation leaner.
lack presented nine different design rules to achieve such trans-
ormation. Cochran et al. [11] applied axiomatic design principles
o design lean manufacturing systems with focus on line segmen-
ation. They showed that integrating axiomatic design rules with
ean management improved the design and performance of man-
facturing systems. Detty and Yingling [12] demonstrated the use
f discrete event simulation as a tool to assist organizations with
he decision to implement lean manufacturing by quantifying the
perational beneﬁts achieved from applying lean principles. Other
imulation studies were also conducted to investigate the impact
f Just in Time (JIT) and Pull lean principles on improving man-
facturing system operational performance [13,14]. Lian and Van
andeghem [15] combined simulation and value stream mapping
ogether with existing data bases of production to develop a tool for
ssessing lean implementation. They introduced a model generator
o compare the current and the future system, before and after lean
mplementation, based on improving the value stream. The com-
arison allows mangers to make better decisions on when, where
nd how to implement lean manufacturing from a value perspec-
ive. Discrete event simulation to examine impact of implementing
oth Lean and Green policies on overall system performance was
sed in [16]. They presented a case study which showed that when
ean and Green techniques are well tailored to the system using
imulation, optimal system performance can result.
Speciﬁc implementation of production leveling (Heijunka)
ncludes the early work of [17] who suggested a simple algorithmfor  Heijunka scheduling that has been used in practice. De Smet
and Gelders [18] noted that implementation of Heijunka was  only
possible in situations where few schedule disturbances existed
meaning that demand was relatively stable and predictable. The
trade-off between Heijunka and system’s responsiveness was also
demonstrated by Ref. [19]. Using an automotive case study, Ref. [20]
demonstrated the need to balance between Heijunka and the Just
In Sequence approach if the customer requirements are dynamic in
nature. Deif [21] suggested a dynamic capacity scalability mecha-
nism that incorporates the accumulated backlog and WIP  levels to
better manage the trade-off between Heijunka and responsiveness.
Lean implementation costing analysis was  reported for exam-
ple by Ref. [22] who developed a dynamic cost of quality decision
support system for lean systems. The system was  used to guide
management to establish a lean manufacturing oriented qual-
ity policy and control the incorporated costs effectively. Lopez
and Arbos [23] provided evidence of possible mistakes of cur-
rent transaction-based cost accounting techniques in lean systems
and proposed value stream costing (VSC) based on the known
VSM as a better approach for lean manufacturing costing. Same
result were given by Meade et al. [24] who proved using sim-
ulation that classical accounting costing can hide improvements
gained by lean implementation. Modarress et al. [25] presented a
case study describing a method used to implement kaizen cost-
ing and provided incremental cost reduction activities to support
lean production implementation. Unlike traditional systems which
consider the accumulation of costs or time but not both, [26] used
cost-time proﬁle (CTP) as a tool to estimate cost-time investments
(CTI) in an organization and measure its lean level. By focusing on
cost and time, the proposed tool evaluated the impact of imple-
menting lean tools and techniques on the manufacturing system
performance.
Analysis of the previous research work reveals that dynamic
analysis of lean implementation focused more on policies and deci-
sions that would enhance the system design and/or the operational
performance with less attention paid to the cost implications asso-
ciated with these policies and decisions. This was  demonstrated in
the case of production leveling (Heijunka) implementation where
most of the work focused on the trade-off between system’s lev-
eling and responsiveness. Finally, few research articles on lean
costing were concerned mainly with exploring the optimal costing
approach for lean implementation assessment.
The work presented in this paper responds to the need for
dynamic analysis of lean implementation costing, especially Hei-
junka policies. A system dynamics model that incorporates both
Heijunka techniques as well as its associated costs is presented
along with analysis of lean implementation costing.
3.  Modeling production leveling in a lean cell
The system dynamics model for a lean manufacturing cell by
Deif [21] is adopted and modiﬁed to incorporate production lev-
eling mechanisms as well as their associated lean costs. The new
model is shown in Fig. 1. The displayed system is composed of
a demand component that captures the stochastic nature of the
demand and translates it to takt time and pull rate. The production
component is modeled as a lean cell with three production centers
or stations. The production is controlled by a pull rate which is a
function of takt time and is affected by the availability of materi-
als via the JIT mechanism. The production leveling is maintained
through a sequencing policy which impacts the change-over time
and also through a scalable capacity component. The backlog of the
developed cell is monitored as well as the accumulated WIP  and
both account for what is called the “Producer Cost”. In addition,
the cost of implementing each of the adopted lean tools (SMED,
calab
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3Fig. 1. Cost dynamics in a s
IT, TPM and scalable capacity) is incorporated for different policies
sing activity based costing (ABC) methodology. Each of these sys-
em components and their interactions are discussed in detail in
his section.
.1. Model notations
B(t) = the backlog level at time t.
WIPi(t) = the WIP  level at time t at station i.
IPR(t)  = the input production rate.
PR(t)  = the pull rate.
PSR(t) = the production start rate at time t.
AD(t) = the average demand at time t.
CT = the correlation time. It captures the degree of inertia in the
noise  process.
SD  = the standard deviation for the normal demand distribution.
DT = the time step.
Seed = the seed for randomly generated variates of the stochastic
demand  data.
Avab.  = the system availability.
IO(t) = the incoming orders at time t.
OO(t) = the outgoing orders at time t. It is the rate of physical prod-
uct  leaving the cell.
TWIP(t)  = the total WIP  of the system at time t.
HFO(t) = the hourly ﬁlled orders at time t.
AT = the manufacturing available time.
TT  = the takt time. It is the time that set the production pace.
%RC(t) = the percentage of the required capacity to be scaled at
time  t.
SDT  = the scalability delay time. Time require to scale the capacity.
SST  = the standard shift time.
Cb(t) = cost of backlog (late penalty and loss of good will) at time t.le lean manufacturing cell.
Cw(t) = cost of managing accumulated WIP  at time t.
Cpl(t) = cost of production leveling (volume and mix) at time t.
Ctpm(t) = cost of total production maintenance at time t.
Cjit(t) = cost of JIT implementation at time t.
CWIP(t) = cost of WIP  management at time t.
CBlg(t) = cost of backlog penalty at time t.
CTotal(t) = total cost of production leveling at time t.
ACPR  = activity cost pool rate.
PBlg = penalty cost for backlog.
Pmix = penalty cost for mix  leveling delay.
LPC(t) = lean policy cost at time t. Costs associated with imple-
menting  lean tools.
PC(t)  = producer cost incurred due to accumulated backlog and
WIP  at time t.
TC(t)  = total cost of implementing production leveling policy at
time t.
CO  = change-over time.
COstd = standard time for each change-over.
RMJITeff = raw material JIT efﬁciency.
SAJITeff = sub-assembly JIT efﬁciency.
TPMeff = total productive maintenance efﬁciency.
MLS = mix  leveling sequence.
3.2. Dynamics of lean manufacturing cell with production
leveling
3.2.1. Stochastic market demand
The market demand is modeled as a stochastic parameter with
dependent distribution or pink noise as referred to in the system
dynamics literature [27]. In order to have a better abstraction of
demand uncertainty it is necessary to model demand forecast as
a process with memory in which the next value of demand is
not dependent of the last but rather on the history of previous
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porecasts or pink noise. Pink noise, which is different from white
oise, assumes that the variation of the demand is related to all
revious demand data in a proportional logarithmic relation. The
emand in this model is assumed to have a continuous cumula-
ive normal distribution function. Huh et al. [28] state that demand
hould have a continuous distribution because demand is inher-
ntly continuous. Eq. (1) formulates the demand as white noise
ith a normal distribution.
hite Noise(t) =  AD(t) +
[
SD2 ∗ (2  − (DT/CT))
(DT/CT)
]0.5
∗ Normal(0, 1, Seed) (1)
Eqs. (2) and (3) display the values for the demand pink noise and
he change in demand pink noise, respectively
ink Noise(t)  = Change in Pink Noise − Pink Noise0 (2)
hange in Pink Noise = Pink Noise(t)  − White Noise(t)
CT
(3)
The  demand rate (DR) is calculated by dividing the change is
ink noise by the manufacturing unit time as in Eq. (4):
R(t) = Change in Pink Noise
Unit time
(4)
.2.2.  Takt time and volume-mix production leveling
Takt time (TT) is how often the manufacturer should produce
ne part based on the rate of sales to meet customer requirement.
akt time is calculated by dividing the customer daily demand into
he available working time per day. Takt time is calculated as shown
n Eq. (5):
T = AT
DR(t)
(5)
The  available time is traditionally equal to the standard shift
ime of the factory multiplied by the number of shifts. However,
n this model the lean cell is augmented with dynamic capacity
caling mechanism as explained in the next paragraph. Thus, the
vailable time is calculated as function of the standard shift time
lus additional hours based on scaled capacity if needed. This extra
vailable time is introduced to the modeled lean cell to maintain
roduction-volume leveling. Practical examples for such dynamic
apacity scaling can be through adding partial or full working shifts
r a machine to the cell. Furthermore, the production-mix level-
ng is introduced through a mix  policy dictated by the customer.
he mix  policy is reﬂected in the model through changeover time
CO). The changeover time is calculated based on the number of
hangeovers multiplied by the changeover standard time (the time
equired to switch from one product to the other) as expressed
n Eq. (6). For example, if the system is required to produce two
roducts (A and B) each for 20 parts per month, then a mix  level-
ng policy of producing 20 parts of A then 20 parts of B will have
he number of changeovers equals 2 (one at the end of each batch)
hile the mix  leveling policy of producing 10 A then 10 B and then
0 A and 10 B will have the number of changeovers is 4. The time
or changeover is subtracted from the available time which is thus
alculated is shown in Eq. (7):
O = Production Leveling Policy ∗ COstd (6)
T = SST(1 + %RC)  − CO (7)
.2.3.  Dynamic capacity modeling
The use of dynamic capacity techniques is more common with
oday’s new manufacturing paradigms of changeable, reconﬁg-
rable and ﬂexible systems [29,30]. However, dynamic scalability
olicies are more challenging. In other words, if scaling capacity isfeasible, how can the best magnitude of capacity change be deter-
mined? In this paper a hybrid scaling policy is adopted from [21].
The hybrid capacity policy considers the demand rate, the current
system’s work in progress (WIP) level and the system’s backlog
when deciding on the capacity scaling value. The capacity scal-
ing value aims at maintaining leveled production volume. This
integrated policy is believed to improve the system overall respon-
siveness as it accounts for external as well as internal uncertainties.
The required capacity based on the hybrid policy is shown in Eq. (8).
It is important to note that a scaling delay time is modeled since
practically speaking; instantaneous capacity scaling is not feasible
in the manufacturing context.
%RC(t) =
[
TWIP(t) + Backlog(t)
SDT
]
/DR (8)
3.2.4.  Production control
The  WIP  level at each station in the lean cell shown in Fig. 1 is
determined by the difference between the production rate of the
current station and the production rate of the next one (Eq. (9)).
·
WIPi(t) = PRSi(t) − PRSi+1(t) (9)
To  demonstrate the pull dynamics of the modeled lean manu-
facturing cell, the production rate is set to be equal to a pull rate
calculated based on takt time. In addition, the pull rate at each man-
ufacturing stage is also determined based on machine availability of
each stage as well as the readiness of materials and sub-assemblies
required for each stage. In order to illustrate the role of lean tools in
maintaining successful production leveling policies, the availability
of machines can be increased by applying total productive mainte-
nance (TPM) which is referred to in this model as TPM efﬁciency.
Furthermore, the readiness of materials and sub-assemblies can
increase by applying JIT techniques (like kanban cards and super-
markets) which are referred to in this model as JIT efﬁciency. Both
types of efﬁciency increase the production rate, which in turn can
better level the production. The availability of each stage is stochas-
tically modeled as a random uniform distribution. The previous
production dynamics are shown in Eqs. (10)–(12).
PR(t) =
(
TT
Unit Time
)
∗ Takt Unit (10)
Note that unit time and takt units are parameters with value
of one and are used to keep dimensional (units) balance. Also in
Eq. (11), the input production rate is equal to the pull rate and no
over-capacity is considered as this reﬂects the traditional practice
of lean pull systems.
IPR(t) = PR(t) ∗ JITeffi (11)
PRSi(t) = PR(t) ∗ JITeffi ∗ Avabi ∗ TPMeff (12)
3.2.5. Backlog calculation
The  backlog level is calculated as the difference between the
input order rate, which is assumed to be exactly equal to the hourly
demand rate as expressed in Eq. (4) and outgoing order rate. The
outgoing order rate is a function in hourly ﬁlled orders based on
both the production rate of the lean cell which is controlled by the
last station’s rate and the available time. Backlog calculations are
expressed in Eqs. (13)–(16).
·
B(t) = OO(t) − IO(t) (13)
·
IO(t) = DR(t) (14)·
OO(t) = HFO(t) (15)
HFO(t) = PRS3(t) ∗ AT (16)
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c.3. Production leveling implementation cost
Studying the feasibility of applying production leveling lean
olicies requires calculation of two types of cost. The ﬁrst is the
ost associated with lean tools used to assist in successful imple-
entation of production leveling – in this paper they are referred
o as lean policy cost. The second is the cost incurred due to man-
ging the accumulated WIP  and cost due to backlog referred to as
roducer cost. The cost structure used to calculate the production
eveling cost is similar to the concept of Activity-Based Cost (ABC)
ntroduced by [31]. Activity-Based Costing is considered by many
esearchers to be more suitable for lean costing than the tradi-
ional transaction-based costing systems [22,32,33]. Activity-Based
osting estimates the product/service cost by assigning cost to the
ctivities involved in their creation process. These activities can be
istributed among elements of the proposed model: (1) produced
nits as is the case for JIT and TPM, (2) batch as is the case for
MED, (3) process as is the case for scaled capacity, and facility-
evel homogenous cost pools. In managerial accounting; activity
ost pool is a set of costs incurred when certain operations are per-
ormed within the organization. By accounting for all costs incurred
n a speciﬁc activity within a pool, it becomes simpler to assign
hose costs to products and obtain an accurate estimate of produc-
ion costs. Activity cost pool is an aggregate of all the costs required
o perform a lean production task. The detailed calculation of each
f the considered activity cost pooling rate is not considered in
his research as the impact of various lean policies on production
eveling implementation feasibility is the main focus.
.3.1.  Lean policy cost
The  ﬁrst cost is the cost associated with implementation of
IT activity. The objective of implementing JIT in this model is to
ontribute to effective production leveling by ensuring that the
equired raw materials and subassemblies upstream and through
roduction stages are available when needed and as needed. In
rder for JIT mechanisms to succeed in achieving their objective
nd to speed up the pull rate in the system, efforts should be made
o reduce variability in the system, maintain high level of synchro-
ization with suppliers, dedicate resources for pull/kanban system
nd ﬁnally perform ﬂexible cross training. The cost of these activi-
ies is distributed over the produced units through the JIT cost pool
ate as shown in Eq. (17).
JIT(t) = (RMJITeff ∗ ACPRRMJIT + n(SAJITeff ∗ ACPRSAJIT)) ∗ OO(t),
where  n : no. of stages (17)
The second cost considered to maintain successful leveling
mplementation is the cost of applying TPM to increase machines’
vailability. Increasing the availability of the production stages will
nhance pull rate and contributes to efﬁcient JIT implementation.
PM cost usually reﬂects the effort and resources dedicated for
aintenance, training and associated tools. TPM cost is distributed
ver produced units through the TPM cost pool rate as shown in
q. (18).
TPM(t) = TPMeff ∗ ACPRTPM ∗ OO(t) (18)
The ﬁnal cost considered in this category is the cost incurred for
olume and mix  leveling. A dynamic capacity approach is used to
aintain volume levels by scaling up available production time as
entioned earlier. The cost of such scaling captures the required
ffort, time delays as well as the used resources secured such as
xtra shifts or machines. In this model the capacity scaling cost is
istributed over process cost pool rate for each required scaling
nit. Product mix  leveling is achieved through a policy based on
ustomer’s deﬁnition of delivery sequence. Better responsivenessin  manufacturing requires smaller batch sizes of the multiple pro-
duced products; however, this comes with associated additional
cost. The cost for mix  leveling is a function of the number of set-
ups required to maintain the required mix  leveling sequence. An
activity cost pool rate is used at the batch level to account for the
time, effort and resources required for the changeover activities of
the selected sequencing. The total cost for both volume and mix
leveling is shown in Eq. (19).
CPL(t) = %RC(t) ∗ ACPRCap + MLS  ∗ ACPRmix (19)
The overall lean policy cost is simply the summation of the pre-
vious three lean implementation costs as shown in Eq. (20).
LPC(t) = CJIT + CTPM + CPL (20)
3.3.2. Producer cost
The  producer cost in this model refers to the cost of accumulated
WIP and backlog orders. The WIP  cost is mainly due to the time and
effort required to manage and reduce WIP  such as extra material
handling activities, temporary buffers and production re-planning.
It is distributed over produced units through WIP  cost pool rate as
shown in Eq. (21).
CWIP(t) = TWIP(t) ∗ ACPRWIP (21)
The backlog cost is a penalty paid by the system for inefﬁcient
responsiveness level (i.e. defaulting on due dates) as well as the
loss of the good will of the customers. It is always challenging to
quantify the later component of the backlog cost, but for simplicity
in this model they are both aggregated into one cost as shown in
Eq. (22).
CBlg(t) = Backlog(t) ∗ PBlg (22)
The total producer cost is shown in Eq. (23) while the overall
production leveling implementation cost is expressed in Eq. (24).
PC(t) = CWIP(t) + CBlg(t) (23)
TC(t) = LPC(t) + PC(t) (24)
4.  Investigating production leveling feasibility in dynamic
lean  cells
The  feasibility of various lean policies for implementing produc-
tion leveling in the proposed lean cell is investigated. A case study
for a lean cell assembling consumer electronics products is adopted
from Detty and Yingling [12] to demonstrate the impact of three
different lean polices on the cost of production leveling implemen-
tation. Additional data about lean policies and their associated costs
is introduced based on experts’ opinions in lean implementation in
the consumer electronics products assembly ﬁeld.
The  facility is composed of six identical lean cells with only
four planned for production and the other two represent capacity
scalability options to increase production volume. Without losing
generality and for simplicity, production dynamics of the identi-
cal cells are aggregated into one representative cell. The system
is designed to produce a part family of 11 products. In this study
only two  products in this family are considered. The production
process in each cell is carried out in three stations. Station one is
dedicated for assembly and includes 12 sequential steps, station
two is responsible for both inspection and testing in 4 steps and
ﬁnally station three is for packing in 2 steps. Each station in the
cell is supplied with parts from 2 parts storage areas and 2 satellite
subassembly areas. Shipments are scheduled every two  weeks. All
analyses are carried out over a one month period (160 h). Data for
the production system’s base case scenario is listed in Table 1. A
schematic diagram for considered case study is shown in Fig. 2.
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A lean policy in this paper refers to a group of lean tools imple-
ented to attain production leveling. Each lean policy has an
xpected improvement level in some system’s aspects based on
he degree to which each tool is implemented. The three lean
olicies considered for implementation in this study are “best
ean policy” which represents the maximum improvements level
he considered system can reach, “average lean policy” represent-
ng an average improvements level and ﬁnally “no lean policy”
here the system is performing in its current state without any
mprovements. Table 2 displays the detailed improvements due
o implementing each policy and the associated activity cost pool
ate (ACPR) costs of implementing each lean tool within that
olicy.
able 1
nput  for base case scenario data.
Parameter Value
Stochastic demand rate (mean
and standard deviation)
60  parts/h, 12 parts/h (20%)
Number of parts 2 parts (30 parts/h each)
Standard shift time 8 h/day, 40 h/week, 160 h/month
Station  1 availability 95%
Station 2 availability 93%
Station 3 availability 91%
Scaling delay time 1 h
Change over time 0.2 h
Backlog  penalty $0.05/part
Mix delay penalty $0.01/h
WIP management cost $0.01/part
Capacity scaling cost (ACPRcap) $ 5/h for capacity percent increase
Product  selling price $30
able 2
ean  policies data.
Lean policy Lean tools impact 
SMED TPM JIT 
Best lean 10% reduction in
change  over time
10%
improvement
in availability
Improves  incoming ra
efﬁciency to be 99% an
JIT to be 99% in each s
Average lean 5% reduction in c/o
time
5%
improvement
in  availability
Improves  incoming ra
efﬁciency to be 95% an
JIT to be 95% in each s
No lean No reduction in c/o
time
No
improvement
in  availability
No  improvements to b
efﬁciency: 90%4.1. Impact of capacity scaling cost on feasibility of volume
production leveling implementation
The  ﬁrst scenario is concerned with the impact of capacity
scaling cost on the total cost for lean production leveling imple-
mentation. The capacity scalability is an instrumental mechanism
in maintaining production volume levels. In this case study, capac-
ity scaling is achieved by utilizing the shut down production cells or
adding extra shifts which increases available time and thus reduces
takt time and increases productivity. Fig. 3 displays the overall total
cost of the three considered lean policies at various capacity scala-
bility costs. The scaling activities cost are pooled into the ACPRcap
which for the sake of analysis will range from as low as one dol-
lar for every extra scaling percentage to ten dollars for the cost of
the same unit depending on the different hourly rates in different
shifts as well as the complexity of scaling and ramp up activities
of the shut down cells. Analysis of the results reveals the following
observations:
• For  the three considered capacity scalability costs, there is a point
during  production time where the cost performance is switched
between  no lean and best lean policies while average lean pol-
icy  prevails for very short time. This point is referred to as cost
reversal  point (CRP).
• CRP  location on the production time axis is sensitive to the cost of
capacity scalability. Practically, since the production time in this
analysis  reﬂects the production volume, thus depending on the
scaling  cost and the location of CRP, the planners can decide on
the  best batch size within each lean policy.
• In  general, for short production periods and with the con-
sidered  production settings, the no lean policy is more cost
effective,  while as production periods increase, the best lean pol-
icy becomes less costly to use. Among the reasons for such a
dynamic  behavior is the positive impact of production leveling
on  WIP  and backlog reduction that cannot be manifested in short
production  runs.
• If  capacity scaling can be kept at low level, then some lean polices
from  the considered cost perspectives are not clearly justiﬁed.
However, since practically capacity scaling and thus produc-
tion  leveling usually come at considerable cost, lean policies are
clearly  important to reduce such cost.
4.2.  Impact of capacity scaling limit on volume production
leveling implementation cost
After exploring the impact of capacity scaling cost on production
leveling feasibility, the impact of capacity scaling limit is investi-
gated. Fig. 4 displays the overall total cost of implementing the three
considered lean policies at various capacity scalability limits. The
ﬁrst limit is for the case where the two shut down cells are consid-
ered available and thus scaling the capacity up by 50%. The second
ACPR ($)
SMED TPM JIT
w material JIT
d sub-assembly
tation
$10/batch $0.2/part $0.45/part (in-coming JIT)
$ 0.12/part (sub-assembly JIT)
w material JIT
d sub-assembly
tation
$5/batch $0.1/part $0.3/part (in-coming JIT)
$0.07/part  (sub-assembly JIT)
asic JIT N/A N/A N/A
(a)              (b) 
 (c ) 
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Fig. 3. Lean implementation cost at different scaling costs: (a) ACPRcap = $10/capacity % increase; (b) ACPRcap = $5/capacity % increase; and (c) ACPRcap = $1/capacity %
increase.
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Fig. 4. Lean implementation cost at scaling limit of (a) 50% of available capacity, (b) 25% of available capacity, and (c) 12.5% of available capacity.
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Total Cost : Leveling Poli cy 2 weeks delay w best lean Doll arase is where only one of these two cells is used and thus scaling
he capacity up by 25%. The last case is when only one of the four
unning cells works for an extra half shift scaling the capacity up
y 12.5%.
Limitation on capacity scaling is usually due to availability of
achines or workers, feasibility of system’s conﬁguration changes
r physical constraints such as space [34]. These limitations were
ntroduced to the scaling unit in the model by choosing the min-
mum of required capacity percentage (%RC) and the introduced
caling limit. Analysis of the results in ﬁgure three reveals the fol-
owing:
The  lowest cost in the three scaling limit scenarios is the one
with  the minimum scalability limit. However, this will be at
the  expense of quick volume leveling performance. The trade-
off  between cost and quick volume production leveling is well
manifested  in the decisions of the manufacturers concerning how
much they are willing to invest in dynamic capacity scalability.
In addition, the cost performance of “average lean” policy and
he “no lean” policy get closer to one another as the scalability
imit decreases. The reduction of the capacity scalability reﬂects
he system’s ability to produce at takt time. The “average lean” pol-
cy implements many other lean mechanisms than the “no lean”
olicy, however, from a cost perspective, the impact of the capac-
ty scalability as a lean mechanism outweighs other mechanisms
n the pursuit of achieving production volume leveling.
.3.  Impact of mix  production leveling policy on production
eveling implementation cost
After exploring volume production leveling feasibility for the
elected lean policies, mix  production leveling feasibility is inves-
igated. In a typical lean environment, the customer deﬁnes the
equence of delivery which is reﬂected in the mix  production lev-
ling. Lean culture promotes mix  leveling to gain multiple beneﬁts
ncluding shorter lead times, ﬂexibility, less defect liability, smaller
nventory and shorter order-to-cash time. A natural outcome of
ix  production leveling is smaller batch sizes. Mix  leveling is typi-
ally measured by the Heijunka metric EPEx which stands for Every
art Every x time period where x represents the delay accepted by
ustomer. In this model, the backlog cost function (Eq. (22)) was
odiﬁed to include both the backlog penalty for quantity (volume)
elay and a ramp up linear penalty function for mix  delay. The ramp
p function reﬂects, in a simple form, how customer dissatisfaction
ue to bad mix  leveling policy increases with time. Better tempo-
al modeling for customer mix  leveling dissatisfaction should be
nvestigated in further research; however, the ramp up assumed
unction is sufﬁcient for the required analysis. Eq. (25) calculates
he new backlog cost:
Blg(t) = Backlog(t) ∗ PBlg + Pmix(RAMP(45, 0, 160)) (25)
Fig.  5 compares the costs performance of the best lean pol-
cy with two delivery sequence scenarios. The desired customer
elivery sequence is a batch of 1200 part/week for each of the
wo products. Two mix  leveling policies are considered; one would
roduce 1200 parts/week of each part type and thus will include
 change-over activities per month with 1 week late delivery to
aintain the desired mix. The other will produce larger batches of
400 for each product which will require 2 change-over activities
er month with 2 weeks late delivery. From the ﬁgure, the mix  lev-
ling policy with 2 weeks delay has a better cost performance for
he ﬁrst two weeks and half (CRP at t = 100), and that performance
s then reversed. This means that only for short period, given the
onsidered costs and penalties, the leveling policy should consider
arger batch sizes while from a cost perspective, smaller batch sizesFig. 5. Cost for production leveling with different delivery sequencing at best lean
policy.
are better for mix production leveling. Different cost settings will
lead to different CRP, however, the trade-off decision for batch size
considering cost for multiple setups versus the penalty for mis-
matching desired customer sequence will remain a challenge for
the dynamic mix  production leveling in lean systems.
To  examine the impact of SMED as a fundamental lean tool,
together with the other considered lean tools, in achieving mix  lev-
eling the cost performance including sequence delivery penalty of
both the no lean policy and the best lean policy are compared. The
comparison is carried out for the two  delivery sequencing scenar-
ios mentioned earlier and results are shown in Fig. 6. Analysis of
these results reveals that the “best lean” policy outperforms the “no
lean” policy in both delivery sequencing scenarios except for the
ﬁrst week of the production period (CRP at t = 40). This highlights
the importance of investing in SMED as well as other lean tools to
avoid penalties incurred for defaulting on the required sequencing
delivery. This is, however, not recommended for very small lots in
the considered cost settings (i.e. before CRP).
The impact of turbulent demand versus steady demand with
the mix  leveling policy requiring 4 changeovers on the overall cost
dynamics is observed. The comparison is carried out between both
best lean and no lean policies and the turbulence of the demand
is adjusted through setting the standard deviation of the stochas-
tic demand (SD) to be 50% of the required demand for turbulent
demand case and 0% of the required demand for steady demand
case. The results are displayed in Fig. 7 revealing the following:
• The  demand turbulence increases the cost of production in
both  the best lean and the no lean policies scenarios. Turbulent
demand increases production variability leading to more WIP  and
higher backlog level even with high level of lean implementation.
• The need for production leveling through lean mechanisms is well
justiﬁed with turbulent demand. The cost performance difference
for  the no lean policy in the steady demand scenario is stable and
much lower than the case for turbulent demand which is higher
and  has a continuous increase pattern. The ability of dynamic
capacity, JIT tools and efﬁcient SMED mechanisms to manage
variation  induced by demand turbulence is the main reason for
that  production cost reduction.Unlike all previous analyses, the impact of different capacity
scalability limits at low and high product mix  leveling policies
on the accumulated WIP  level rather than cost will be considered
next. The objective is to gain an insight into the behavior of an
 (a)           (b) 
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Fig. 6. Cost performance comparison for no lean policy and best lean policy at (a) 2 weeks sequencing delay and (b) 1 week sequencing delay.
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Fig. 7. Cost performance comparison for no lean policy and
mportant internal system aspects while considering the two pro-
uction leveling approaches – these are volume leveling through
apacity scalability and mix  leveling through different delivery
equencing scenarios. Furthermore, the accumulated WIP  level has
 direct impact on the producer cost as explained earlier. Fig. 8
(a)           
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Fig. 8. WIP  level performance comparison for different capacity scalability   (b ) 
ean policy at (a) turbulent demand and (b) steady demand.
displays  the accumulated WIP  at different capacity scaling levels
(expressed as percentage of the normal available capacity) for two
mix  leveling scenarios. The ﬁrst is for a delivery sequence of batches
of size 300 for each product which will include 16 changeovers per
month and this scenario is referred to as high mix leveling policy.
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[he second scenario is for the batch size of 1200 which require 4
hangeovers per month and referred to as low mix  leveling policy.
he analysis is carried out at the best lean policy settings. Investi-
ating Fig. 7 reveals the following:
The WIP  accumulation levels in both scenarios show similar
behavior at different capacity scalability levels for a certain pro-
duction  period (around 30% of the considered period) before
they  differentiate. This highlights the importance of caution with
regard to the decision of how much to invest in capacity scaling
relative  to the planned production period (and thus the batch
size).  With smaller production periods, in the given settings,
lower  capacity scalability options will perform exactly the same
as  higher scaling options considering WIP  level as a performance
index.
As  expected, the accumulated WIP  level at high mix  leveling pol-
icy is higher than that at the low mix  leveling one. Aligning the
system  with high degree of market variation reﬂected in mix
leveling  always has its negative impact on the system internal
stability  which requires a well-planned tradeoff between respon-
siveness  level and internal production stability. This will also have
its impact on the decision for the degree and cost of SMED and
other  lean tools that can decrease the time required for multiple
change  over activities.
Capacity  scalability continues to show a positive effect on man-
aging  volume leveling as well as reducing the accumulated WIP
level.  This is shown with the decrease of the WIP  level as the scal-
ing  percentage increase. It is important to note that this is also
due  to the capacity scalability policy adopted in this model which
takes  into account the required volume leveling objective as well
as  accumulated WIP  and backlog as explained in Eq. (8).
. Conclusions and recommendations
The  main objective of the proposed work was to develop a sys-
em dynamics model as a decision support system to monitor and
valuate the cost of considered lean production leveling policies.
he novelty of the proposed model is in capturing both the parts
olume and parts mix  production leveling policies (not only one of
hem) while considering cost dynamics as the main performance
etric in evaluating various (not only single) lean tools implemen-
ation. The production leveling policy was integrated into the model
hrough various lean tools including SMED, JIT, TPM, mix  sequenc-
ng and scalable capacity. The costs associated with implementing
hese tools were captured based on activity based costing (ABC)
ogether with the costs incurred due to the system’s accumulated
acklog and WIP  to account for the overall feasibility of the lean
olicies implementing production leveling. The main conclusions
nd recommendations revealed by the presented analysis of the
onsidered case study and cost settings are summarized as follows:
Successful  production leveling should not be considered based
only  on its positive impact on the system’s behavior. The pre-
sented  dynamic cost analysis showed that such leveling comes at
a cost that should be well-assessed.
Feasible  implementation of production leveling as a lean princi-
ple  is closely related to cost-efﬁcient capacity scalability. Results
showed  that costly production capacity scaling can render lean
polices  which implement production leveling (Heijunka) difﬁcult
to  justify from a cost perspective. In addition, capacity scaling
constraints affect the lean planner’s choice of lean policies con-
sidering  the required tools and the cost of implementing them in
order to maintain successful production leveling.
Lot size selection was demonstrated to be inﬂuential in choosing a
feasible lean policy for production leveling implementation both
[
[in terms of products mix  and products volume. The lot size choice
requires  a trade-off between cost and responsiveness as well as
cost and ﬂexibility. The developed system dynamics model can
facilitate  such decision due to its ability to capture different lean
policies  and their associated costs.
• Demand  turbulence highlights the importance of lean produc-
tion  leveling polices due to the ability of lean tools to reduce
the  variability induced by such turbulence on the system. Lean
production  leveling polices were shown to be better justiﬁed in
turbulent demand than in steady demand environments due to
the system’s improved cost performance.
• Considering  the accumulated WIP  level as an inﬂuential parame-
ter  in production leveling feasibility impacts the decision to adopt
mix  leveling policy for the market as well as the required invest-
ment  in capacity scalability.
This research demonstrated that the beneﬁts gained by imple-
menting lean policies in manufacturing systems depend on many
system and market related factors. The choice between the “best
lean” and “no lean” policies for achieving production leveling does
not have to be strictly binary, however; instead it can be seen as
a continuum between these two  extremes. An appropriate policy
and implementation level should be carefully tailored for a given
system and market conditions. While implementing lean manufac-
turing policies is desirable it should not be achieved at any cost. The
presented system dynamics model provides support for decision
makers and helps explore many what-If scenarios and associated
costs and beneﬁts.
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